Introduction
Adenosine 5′-triphosphate (ATP) is a ubiquitous biological molecule used for storing energy in the form of chemical bonds. The cellular machinery for creating ATP has been found in the oldest forms of life, yet it is still found in all groups of present day organisms. 1 Despite this ancient lineage and the extreme importance of ATP in many biological processes, it is surprising that the molecular mechanism for the synthesis of
ATP is still open to debate. 2, 3 Even more puzzling is how ATP originally became the primary energy currency for all of life. 4 In order to develop a more complete picture of the role of ATP in the origin of life, it is of interest to identify prebiotic routes that may have possibly contributed to the generation of ATP. 
ATP
Several explanations for the terrestrial synthesis of thermodynamically unstable phosphoanhydride bonds have been given 5, 6 and disputed. 7 The primary difficulty associated with the production of ATP on earth is that this type of chemistry is unlikely to occur in water. Not only is the hydrolysis of ATP exothermic, 8 but the oceans of the primitive world contained pyrite, which catalyses the hydrolysis of phosphoanhydride bonds. 9 Rigorously non-aqueous organic solvents may be used for the synthesis of phosphoanhydride bonds, 10 but the availability of such environments may have been limited in the early earth. Perhaps the best approach to phosphoanhydride synthesis involves chemistry in which no solvent is present, a suggestion which will be explained shortly.
Space is an environment which can easily accommodate conditions which are devoid of solvent. The presence of organic molecules in comets and meteorites and the possible role of these organics in the origin of life have drawn much attention over the years.
11
Related work has shown that it is possible to synthesize nucleotides such as adenosine 5′- 19 However, if the organic content of an aerosol particle is low and thus insufficient to form a protective monolayer, then as the particle travels to a region of low humidity the water will evaporate away. This could eventually lead to small, desolvated salt clusters. This process is fundamentally analogous to sonic spray ionization (SSI) experiments which can be monitored by mass spectrometry in a controlled environment. 20, 21 It is interesting to note that SSI experiments lead to a great enhancement in the formation of clusters when compared to other ionization methods. 22 The gas phase study of non-covalently bound clusters is a rapidly expanding area in the field of mass spectrometry. 23, 24, 25 The chemistry of small, noncovalently bound clusters and the role that they may have played in the prebiotic origin of biopolymers is the subject of the present work. It is demonstrated that trimers of AMP will yield ATP exclusively under the appropriate conditions. Collision activated dissociation (CAD) is utilized to initiate the reactions. 26 Furthermore, this chemistry is general in nature and can 94 be applied to the generation of other polyphosphates which are also of biological significance. It is postulated that other linear polymers of biological importance could be generated from small clusters in a similar manner.
Experimental Methodology
Mass spectra were obtained using a Finnigan LCQ ion trap quadrupole mass spectrometer without modification. The signal was optimized using the automatic tuning capabilities of the LCQ. To enhance cluster formation, the following settings were used commercially and used without further purification.
Results
Anionic Clusters. The negative ion ESI-MS spectrum for the sodium salt of AMP is shown in Figure 5 .1a. The primary product is the loss of neutral AMP. However, there is also a minor loss of 267 Da, which corresponds to the loss of an adenosine nucleoside. In other words, one AMP has been fragmented, releasing neutral adenosine and leaving PO 3 with the cluster.
The structures for AMP and two important fragments are given below. adenosine is observed in Figure 5 .2a as well. The primary product is isolated in Figure   5 .2b. Further CAD in Figure 5 .2c leads exclusively to the loss of the second adenosine.
Tentatively, the results in these spectra correspond to the transformation of 3AMP into AMP+ADP, which is then converted into ATP, as will be discussed in greater detail below. The sequential CAD of an authentic sample of ATP is shown in Figure 5 .4. In Figure   5 .4a, isolation of [ATP-3H+2Na]¯ is accompanied by the isobaric doubly charged dimer
. Therefore, several of the daughter peaks in the CAD spectrum in Figure 4a result from the dissociation of the doubly charged dimer and are marked with a double asterisk. The loss of water leads to the base peak, just as in Figure 5 .3a. In Figure   5 .4b, interference from doubly charged peaks has been eliminated, and the spectrum is nearly identical to that shown in Figure 5 .3b. Similarly, Figure 5 .4c is very comparable to In Figure 5 .5b, results are presented for the collisional activation of the cluster
The loss of adenosine yields the most abundant product. Isolation of this product, followed by further collisional activation, leads primarily to the loss of another adenosine as seen in Figure 5 .5c. These losses are identical to those observed in The peaks that are produced and the relative intensity of those peaks are very similar, including peaks that only constitute minor contributions to the total ion intensity.
Although this is not absolute proof that the structure of the product in Figure 5 .2c is ATP, it provides strong support for the conjecture. Furthermore, the chemistry is not limited to the formation of ATP. In fact, it was possible to synthesize adenosine pentaphosphate, although the structure of this compound was not verified for lack of a sample for comparison. Other nucleotides and deoxynucleotides were basically interchangeable with AMP, allowing for the synthesis of other polyphosphates. Sodiated clusters of 5′-ribose-phosphate also yielded ribose polyphosphate upon collisional activation. Polyphosphate, another important and ubiquitous biopolymer, 5 can be synthesized from sodium salt clusters of phosphate itself.
The facile generation of polyphosphates by this mechanism is therefore applicable to a wide range of biologically relevant molecules. ATP is easily generated by collisional activation of a sodiated salt cluster containing three AMP precursors. The sequential loss of two adenosines leads to the formation of ATP. Comparison of several subsequent steps of CAD dissociation of ATP generated by this method with that of actual ATP reveals that the two ions produce identical CAD spectra. This is true for ATP generated from both cationic and anionic sodiated salt clusters of AMP. Polyphosphates can also be generated by collisional activation of sodiated clusters of phosphate, ribose phosphate, and other nucleotides and deoxynucleotides.
This type of chemistry represents a feasible pathway for the generation of biologically important polymers. A potential prebiotic source for ATP or other polyphosphates is outlined in the present work, but conceivably other biopolymers may be generated by similar reactions. It is interesting to note that small clusters of biomolecules can have an inherent preference for homochirality, as is demonstrated by the serine octamer. 29 It appears quite possible that the chemistry of these small clusters may be more important than has been previously realized.
